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SYSTEMS AND METHODS FOR ADJUSTING AN OUTPUT DRIVER 

BACKGROUND 

[0001] In integrated circuits, such as microprocessors, memories, and the like, signals 

may be routed for relatively long distances using transmission lines. A transmission 
line may be a bus, a printed circuit board trace, or other types of electrical conductors 
for transporting a signal. Typically, a printed circuit board trace has a characteristic 
impedance of between 50 and 75 ohms. In complementary metal-oxide semiconductor 
(CMOS) circuits, the input impedance of a gate of a CMOS transistor is usually very 
high. The receiving end, or far end, of the transmission line is typically connected to an 
input of a logic circuit, where the input impedance is higher than the characteristic 
impedance of the transmission line. If the impedance coupled to the far end of the 
transmission line is different than the impedance of the transmission line, the signal will 
be reflected back to the sending end. Depending on the sending end impedance, the 
signal may overshoot/undershoot a planned steady-state voltage for the logic state. The 
signal may be reflected back and forth many times between the near end and the far 
end, causing oscillatory behavior of the signal at both ends. This repeated overshooting 
and undershooting of the signal is commonly known as "ringing," and results in 
reduced noise immunity and increased time for the signal to become, and remain, stable 
at the far end. Impedance matching is the practice of matching the impedance of the 
driver and/or the load to the characteristic impedance of the transmission line to reduce 
ringing and facilitate the most efficient transfer of signals. 
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[0002] Accordingly, output drivers are important building blocks in the input/output 

path of integrated circuits like microprocessors and memory systems. Output drivers 
are the primary interface through which data transmission takes place between the 
integrated circuit and external systems via transmission lines. The output driver 
converts chip-internal logic, levels and noise margins to those required for driving the 
inputs of chip-external circuits in digital systems. 

[0003] As bus speeds increase above 100 MHz, impedance mismatches become a 

significant concern as timing margins are reduced as a result of the increased clock 
frequency. A number of different approaches have been used to account for impedance 
mismatches in electronic data systems. Some of these approaches include adding 
passive external elements (resistors, inductors, etc.); adjusting the drive strength of 
output drivers; and actively terminating signal transmission lines. 

[0004] Adding passive external elements requires printed circuit assembly area, 

increases power consumption and does not account for impedance variations due to 
variations in supply voltage, temperature, and age. 

[0005] Solutions that adjust the drive strength typically provide a limited number of 

discrete settings or levels of drive strength. These discrete settings do not always allow 
the output driver to match the characteristic impedance of the transmission line that will 
be used to communicate signals. In addition, many solutions of this type use an 
external discrete resistor as a reference. The resistance of the discrete resistor does not 
always match the characteristic impedance of the transmission line at the operating 
frequency. While technicians can add additional discrete resistors in various 
combinations or networks to adjust the reference resistance, these solutions also do not 
account for impedance variations due to variations in supply voltage, temperature, and 
age. 

[0006] Other on-chip solutions require the use of separate test input/output (I/O) pads 

for determining suitable impedance matching. In one example, an external test pad is 
used to determine a suitable pull-up circuit impedance whereas a separate additional 
test pad is used to determine suitable impedance matching for a pull-down circuit of the 
output buffer. The use of additional test pads and additional external resistors can 
impact board density, reliability, and cost. 
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[0007] Solutions that actively terminate transmission lines share many of the 

drawbacks of solutions that use external passive elements and solutions that adjust 
output drive strength. That is, active termination requires additional off chip elements, 
increases power consumption, and is susceptible to process, voltage, and temperature 
variations. 

[0008] Therefore, it is desirable to introduce low-cost systems and methods for dynamic 

impedance matching. 
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SUMMARY 

[0009] One embodiment of a system, comprises a reference driver coupled to a first 

tuning element, the reference driver and the first tuning element configured to receive a 
first input signal and generate a reference signal comprising a primary reference 
component and a reflected reference component, a test driver coupled to a second 
tuning element, the test driver and the second tuning element configured to receive a 
second input signal and generate a test signal comprising a primary test component and 
a reflected test component, and an integrator configured to receive the reference signal 
and the test signal and generate an error signal. 



4 



HP Docket No.: 10018148-1 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The present systems and methods for adjusting an output driver, as defined in the 

claims, can be better understood with reference to the following drawings. The 
components within the drawings are not necessarily to scale relative to each other, 
emphasis instead is placed upon clearly illustrating the principles of the systems and 
methods. 

[001 1] FIG. 1 is a combination circuit schematic and functional block diagram 

illustrating an embodiment of an output driver calibration system. 
[0012] FIG. 2 is a graph illustrating an embodiment of a reference signal over time as 

applied to the output driver calibration system of FIG. 1. 
[0013] FIG. 3 is a graph illustrating an embodiment of a test signal over time as applied 

to the output driver calibration system of FIG. 1. 
[0014] FIG. 4 is a graph illustrating an embodiment of an error signal over time as 

generated by the output driver calibration system of FIG. 1 . 
[0015] FIG. 5 is a graph illustrating an embodiment of a corrected test signal over time 

as generated by the output driver calibration system of FIG. 1 . 
[0016] FIG. 6 is a graph illustrating the corrected test signal of FIG. 5 over a narrow 

time period. 

[0017] FIG. 7 is a flow diagram illustrating an embodiment of a method for adjusting 

an output driver. 

[0018] FIG. 8 is a flow diagram illustrating an alternative embodiment of a method for 

adjusting an output driver. 
[0019] FIG. 9 is a flow diagram illustrating an embodiment of a method for generating 

an error signal. 
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DETAILED DESCRIPTION 

[0020] Present systems and methods for adjusting an output driver measure the 

characteristic impedance of an example transmission line and apply a correction signal 
responsive to the characteristic impedance at a desired frequency to one or more output 
drivers. By measuring and responding to actual dynamic circuit conditions, the systems 
and methods for adjusting an output driver provide improved impedance matching in 
signal-processing systems across a range of conditions that can result from process, 
voltage, and temperature variation. Output driver calibration can be implemented at 
system start up and/or at other times as may be desired. Improved impedance matching 
guarantees signal timing margins and data integrity. 

[0021] The characteristic impedance of transmission lines is measured using an 

electrically open tuning element coupled to the output of a reference driver by inserting 
an input signal having a desired frequency at the input to the reference driver. The 
reference driver generates a primary component of a reference signal. The tuning 
element generates a reflected component of the reference signal. In one embodiment, 
the tuning element is a printed-circuit board trace. The tuning element has a length 
such that input signal reflections due to input signal transitions at the desired frequency 
return to the output of the reference driver in synchronization with the input signal. 

[0022] The reference signal is applied to an integrator in a feedback loop along with a 

test signal to calibrate an output driver. The integrator generates an error signal that can 
be applied to an output driver to automatically match output driver impedance to the 
characteristic impedance of transmission lines in a data processing system. The test 
signal, like the reference signal, is applied to a tuning element. In one embodiment, the 
tuning element is an electrically open transmission line. The test- tuning element has a 
length that closely approximates the length of the reference- tuning element. In one 
embodiment, the test signal is a square wave with a low duty cycle. When the output 
impedance of the output driver is not matched to the characteristic impedance of the 
open transmission line, the low on time (with respect to the off time) of the low duty 
cycle test signal permits the observation of signal reflections caused by the mismatch. 
When the controlled output driver is matched to the characteristic impedance of the 
transmission line, a single pulse having the same magnitude as the test signal is 
reflected back to the output driver. 
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[0023] Turning to the drawings that illustrate various embodiments of systems and 

methods for adjusting an output driver, FIG. 1 is a combination circuit schematic and 
functional block diagram illustrating an embodiment of an output driver calibration 
system 100. Embodiments of the present systems for adjusting an output driver may be 
implemented in any system configured to transfer data. As such, the present systems 
for adjusting an output driver may be implemented in devices or systems across many 
different levels such as, but not limited to microprocessors, memory devices, 
application specific integrated circuits (ASICs) and a host of devices that use these 
types of components to transfer data, such as computers, test equipment, audio- video 
electronics, hand-held devices, etc. 

[0024] Once an appropriate error signal has been identified, the error signal can be 

applied to an adjustable output driver. The determination of an appropriate error signal 
need not be fast relative to the operational frequency of the output driver. As long as 
transmission line impedance in the host system does not change appreciably over time, 
temperature, voltage, etc., then the error signal need not be adjusted at the operational 
frequency of the output driver. If the transmission line impedance in the host system 
does change, a new error signal could be determined and applied to the adjustable 
output driver. Although the output driver may be operating in the GHz range, 
transmission line impedance feedback provided by the output driver calibration 
system 100 could operate at lower frequencies. 

[0025] As illustrated in FIG. 1, the output driver calibration system 100 receives two 

input signals, input signal 111 and input signal 141, and produces a single error 
signal 177, labeled V error- V E RRORis returned to the calibration system 100 to provide 
closed-loop feedback control. Input signal 111, illustrated as a square wave with a 50% 
duty cycle, is applied along conductor 1 12 to reference driver 110. Input signal 141, 
illustrated as a square wave with a much lower duty cycle than that of input signal 111, 
is applied along conductor 142 to test driver 140. 

[0026] Reference driver 110 amplifies or otherwise buffers input signal 1 1 1 and 

generates a primary reference component 1 17 which is applied via conductor 1 15 to 
first tuning element 120. First tuning element 120 includes a length-tuned transmission 
line 122 having a first end 124 electrically coupled to conductor 1 15 and an electrically 
open end 126. The electrically open end 126 causes signal transitions in the primary 
reference component 1 17 to be reflected back towards the reference driver 1 10 along 
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conductor 115. Length-tuned transmission line 122 has a length such that signal 
reflections due to rising edge transitions in the primary reference component 117 
reflected by the open length-tuned transmission line 122 reach node 125 at substantially 
the same time as the next subsequent rising edge transition from primary reference 
component 117. For example, if input signal 111 is a clock signal with a period of 20 
nanoseconds (nS), then the length of length-tuned transmission line 122 is such that 
signal reflections reach node 125 in lOnS. 

[0027] The length of length-tuned transmission line 122 is a function of various 

physical properties of the underlying transmission line and the desired clock frequency 
for managing data transmissions. For example, when the transmission line is a signal 
trace on a printed circuit board, the length is a function of at least the material, width, 
and thickness of the signal trace in addition to the desired clock frequency. When the 
transmission line is a signal trace in an ASIC, the length is a function of at least the 
material, width, and thickness of the signal trace as well as process variation that affects 
these physical characteristics across a desired signal layer of the ASIC. 

[0028] Signal reflections generated by the electrically open length-tuned transmission 

line 122 produce a reflected reference component 127. Reference signal 129, labeled 
Vref, is generated by the combination of the primary reference component 117 and the 
reflected reference component 127. Reference signal 129 is forwarded to sample and 
hold circuit 130 via conductor 132. 

[0029] Test driver 140 amplifies or otherwise buffers input signal 141 and generates a 

primary test component 147 which is applied via conductor 145 to second tuning 
element 150. Second tuning element 150 includes a length-tuned transmission line 152 
having a first end 154 electrically coupled to conductor 145 and an electrically open 
end 156. The electrically open end 156 causes signal transitions in the primary test 
component 147 to be reflected back towards the reference driver 140 along 
conductor 145. Length-tuned transmission line 152 has a length substantially the same 
as the length of length-tuned transmission line 122. Signal reflections generated by the 
electrically open length-tuned transmission line 152 produce a reflected test 
component 157. Test signal 149, labeled V TE st, is generated by the combination of the 
primary test component 147 and the reflected test component 157. Test signal 149 is 
forwarded to sample and hold circuit 160 via conductor 162. 
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[0030] Delay element 180 receives input signal 141 via conductor 142. Delay 

element 180 generates a control signal responsive to input signal 141 along 
conductor 185, which is applied as a control input to sample and hold circuits 130, 160. 
In accordance with the control signal, sample and hold circuit 130 samples the reference 
signal 129 and provides time-sampled reference signal 135 via conductor 134 to 
integrator 170. Similarly, in accordance with the control signal, sample and hold 
circuit 160 samples the test signal 149 and provides time-sampled test signal 165 via 
conductor 164 to integrator 170. 

[0031] As illustrated in FIG. 1, integrator 170 includes operational amplifier 171. 

Operational amplifier 171 has a positive input terminal and a negative input terminal 
and a single output terminal. The positive input terminal is coupled to sample and hold 
circuit 130 via conductor 134. The negative input terminal is coupled to sample and 
hold circuit 160 via conductor 164 and series resistor 172. The output terminal and the 
negative input terminal are coupled via capacitor 174. In operation, integrator 170 
receives the time-sampled reference signal 135 and the time-sampled test signal 165 
and generates error signal 177. As further illustrated in FIG. 1, error signal 177 is 
returned via conductor 175 to test driver 140 to adjust the drive strength of test 
driver 140. 

[0032] Components of the systems for adjusting an output driver such as the reference 

driver 110, the test driver 140, the sample and hold circuits 130, 160, the integrator 1 70, 
and delay element 180 can be implemented with any or a combination of the following 
technologies, which are all well known in the art: a discrete logic circuit(s) having logic 
gates for implementing logic functions upon data signals, an ASIC having appropriate 
combinational logic gates (as described in the illustrated embodiment), a programmable 
gate array(s) (PGA), a field programmable gate array (FPGA), etc. 

[0033] The graphs presented in FIGs. 2 through 6 represent embodiments of the various 

voltages that can be expected over time in the output driver calibration system 100 of 
FIG. 1. The graphs reflect the various voltages from output driver calibration system 
turn-on from an off or inactive state. FIG. 2 is a graph 200 illustrating an embodiment 
of reference signal 129 over time as generated within the output driver calibration 
system 100 of FIG. 1. The horizontal axis illustrates elapsed time in nanoseconds (nS). 
The vertical axis illustrates reference signal amplitude in volts. 
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[0034] Due to impedance mismatches between the reference driver 110 and the length- 

tuned transmission line 122, first response signal peak 210 reaches approximately 0.96 
volts. Subsequent response signal voltage peaks increase in magnitude until a steady- 
state peak voltage 220 is reached. The steady-state peak voltage is set by the output of 
the reference driver 110, which for the example illustrated in FIG. 2 is 1.25 volts. As 
illustrated, reference signal 129 reaches a steady-state peak voltage after approxi- 
mately 40nS. The particular signal trace illustrated in FIG. 2 is representative of an 
output-driver output impedance of 80 ohms and a transmission line characteristic 
impedance of 50 Ohms. 

[0035] FIG. 3 is a diagram illustrating an embodiment of a test signal over time as 

generated within the output driver calibration system 100 of FIG. 1. Specifically, 
FIG. 3 is a graph 300 illustrating an example test driver output signal 149 before 
application of an error signal (i.e., before tuning). The horizontal axis illustrates 
elapsed time in nanoseconds. The vertical axis illustrates test signal amplitude in volts. 

[0036] The test driver output voltage in the embodiment illustrated in FIG. 3 is the 

result of a single positive pulse from input signal 141 . Input signal 141 is selected such 
that its magnitude closely resembles the magnitude of input signal 111. However, input 
signal 141 has a significantly longer "off time (i.e., a period during which the input 
signal is not above the logic threshold) when compared to the off time of input 
signal 111. Input signal 1 1 1 has an approximately 50% duty cycle and completes a 
cycle every 20nS. Input signal 141 has an approximately 10% duty cycle and completes 
a cycle every lOOnS. Input signal 141 is configured such that reflections due to signal 
transitions dampen before the next signal transition. Impedance mismatches between 
the output stage of the test driver and the characteristic impedance of length-tuned 
transmission line 152 are valid during the first positive pulse of input signal 141 . After 
the first positive pulse (i.e., when input signal 141 is off) reflections distort the test 
voltage waveform. 

[0037] As illustrated in graph 300, the test driver output voltage 149 due to a single 

positive peak in input signal 141 generates a first positive pulse 310 that overshoots the 
magnitude of the buffered test signal (i.e., the primary test component). A first 
reflected test signal pulse 320 is generated due to the electrical open at the end of the 
length-tuned transmission line 152. Subsequent reflected signal pulses 330 and 340 are 
also observed in the first 30nS after the completion of first positive pulse 310. Each 
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subsequent reflected signal pulse is characterized by a voltage peak that is lower in 
magnitude than an immediately preceding signal pulse, until reflected signal pulses are 
no longer detectable. Because of the relatively low duty cycle of input signal 141, 
reflected signal pulses damp out (i.e., are no longer detectable) prior to the next 
subsequent signal pulse from input signal 141. 

[0038] In operation, if the sample and hold circuits 130, 160 of FIG. 1 can be adjusted 

via delay element 180 to sample the reference signal 129 and test signal 149 at an 
appropriate frequency (e.g., every 5nS), then the integrator 170 can be used to generate 
an error signal 177 that can be used to correct or otherwise adjust the output drive 
strength of test driver 140 and other similarly configured output drivers designated to 
drive similarly configured transmission lines. 

[0039] Signal trace 350 represented by the dashed line in graph 300 of FIG. 3 is 

representative of a desired output driver output voltage (i.e., test driver output 
impedance matched with characteristic impedance of length-tuned transmission 
line 152.) 

[0040] FIG. 4 is a diagram illustrating an embodiment of an error signal 177 over time 

as generated by the output driver calibration system 100 of FIG. 1. Specifically, FIG. 4 
is a graph 400 illustrating an example error signal 177 used to adjust the test driver 140 
in the output driver calibration system 100 of FIG. 1. The horizontal axis illustrates 
elapsed time since the output driver calibration system 100 was activated in 
microseconds ([iS). The vertical axis illustrates error signal amplitude in volts. Near 
time 0, the output driver calibration system 100 produces an error signal 177 that is 
corrupted (i.e., incorrect) because of the initial activation of the system. By 
approximately 2.0(iS, error signal 177 has reached a steady-state correction value 410. 
The steady-state correction value 410 is the desired control signal to be returned to the 
output driver calibration system 100 and perhaps other similarly situated output drivers 
to adjust drive strength to match the characteristic impedance of transmission lines in 
the system. Error signal 177 converges toward steady-state correction value 410 in 
accordance with a time constant which is a function of the resistance of resistor 172 and 
the capacitance of capacitor 174 within integrator 170 (FIG. 1). 

[0041] FIG. 5 is a diagram illustrating an embodiment of a corrected test signal over 

time as generated by the output driver calibration system 100 of FIG. 1. Specifically, 
FIG. 5 is a graph 500 illustrating an example test signal 149 after adjustment of the test 



11 



HP Docket No.: 10018148-1 

driver 140 using the error signal 177 generated by the output driver calibration 
system 100 of FIG. 1. The horizontal axis illustrates elapsed time since the output 
driver calibration system 100 was activated in microseconds. The vertical axis 
illustrates test signal amplitude in volts. 

[0042] FIG. 5 illustrates multiple cycles of test signal 149 with correction via error 

signal 177 taking place. As indicated in graph 500, positive peak voltages associated 
with positive transitions of input signal 141 are reduced over time as indicated by 
positive envelope 510. Negative reflections associated with reflections due to 
impedance mismatches are also removed over time as indicated by negative 
envelope 520. After approximately 3|iS, the test driver 140 output strength has been 
suitably corrected and voltage overshoots and undershoots due to impedance 
mismatches have been substantially removed. 

[0043] FIG. 6 is a diagram illustrating the corrected test signal 149 of FIG. 5 over a 

narrow time period. Specifically, FIG. 6 is a graph 600 illustrating an example test 
signal 149 after adjustment of the test driver 140 using the error signal 177 generated by 
the output driver calibration system 100 of FIG. 1. The horizontal axis illustrates 
elapsed time since the output driver calibration system 100 was activated in 
microseconds (|aS). The vertical axis illustrates test signal amplitude in volts. 

[0044] As illustrated in FIG. 6, test signal pulses 610 responsive to second input signal 

transitions (and application of the error signal 177) have a magnitude of 1.25 volts. 
After calibration (i.e., application of the error signal 177) first reflected pulses 615 
corresponding to respective test signal pulses have the same amplitude and there are no 
further reflections due to the test signal pulses 610. 

[0045] Any process descriptions or blocks in the flow diagrams illustrated in FIGs. 7-9 

should be understood as representing steps in an associated process. Alternative 
implementations are included within the scope of the present methods for adjusting an 
output driver. For example, functions may be executed out-of-order from that shown or 
discussed, including substantially concurrently or in reverse order, depending on the 
functionality involved. 

[0046] FIG. 7 is a flow diagram illustrating an embodiment of a method 700 for 

adjusting an output driver. As illustrated in FIG. 7, method 700 begins with 
input/output block 702 where a first signal is received. After the first signal is received, 
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the first signal is applied to a first tuning element to generate a reference signal as 
indicated in block 704. 
[0047] As indicated in input/output block 706, a second signal is received. As 

illustrated in block 708, the second signal is applied to a second tuning element to 
generate a test signal. While the functions listed in blocks 706 and 708 have been 
illustrated and described following the functions listed in blocks 702 and 704, it should 
be understood that the functions associated with blocks 706 and 708 can occur before, 
after, or substantially simultaneously with the functions associated with blocks 702 
and 704. 

[0048] Once the reference and test signals have been generated as illustrated and 

described in blocks 704 and 708, the reference and test signals are sampled to generate 
a time-sampled reference signal as indicated in block 710 and a time-sampled test 
signal as indicated in block 712. While the sampling function listed in block 712 has 
been illustrated and described as following the sampling function associated with 
block 710, it should be understood that the functions associated with blocks 710 
and 7 1 2 can occur in reverse order or substantially simultaneously with one another. 

[0049] Thereafter, as illustrated in block 714, an error signal responsive to the time- 

sampled reference signal generated in block 710 and the time-sampled test signal 
generated in block 712 is generated by integrating the time-sampled reference signal 
and the time-sampled test signal generated in blocks 710 and 712, respectively. As 
indicated in block 716, the error signal generated in block 714 is applied to an output 
driver to adjust the driver. 

[0050] FIG. 8 is a flow diagram illustrating an alternative embodiment of a method 800 

for adjusting an output driver. As shown in FIG. 8, method 800 begins with 
input/output block 802 where a first signal is received. The first signal is a time- 
varying signal having a frequency that approximates a desired data processing rate. 
After the first signal is received, the first signal is applied to a first tuning element to 
generate a reference signal as indicated in block 804. As further illustrated in 
block 804, the reference signal is responsive to the characteristic impedance of 
transmission lines. The reference signal is a composite signal having a primary 
component and a reflected component. 

[0051] As indicated in input/output block 806, a second signal is received. The second 

signal is configured such that signal transitions are suitably spaced (in time) to enable 
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reflections to dampen before subsequent signal transitions occur. As illustrated in 
block 808, the second signal is applied to a second tuning element to generate a test 
signal. The test signal is responsive to the characteristic impedance of transmission 
lines. The test signal is a composite signal having a primary component and a reflected 
component. While the functions listed in blocks 806 and 808 have been illustrated and 
described following the functions listed in blocks 802 and 804, it should be understood 
that the functions associated with blocks 806 and 808 can occur before, after, or 
substantially simultaneously with the functions associated with blocks 802 and 804. 

Once the reference and test signals have been generated as illustrated and 
described in blocks 804 and 808, the reference and test signals are sampled to generate 
a time-sampled reference signal as indicated in block 810 and a time-referenced test 
signal as indicated in block 812. While the sampling function listed in block 812 has 
been illustrated and described as following the sampling function associated with 
block 810, it should be understood that the functions associated with blocks 810 
and 812 can occur in reverse order or substantially simultaneously with one another. 

Thereafter, as illustrated in block 814, an error signal responsive to the time- 
sampled reference signal generated in block 810 and the time-sampled test signal 
generated in block 812 is generated. As indicated in block 816, the error signal 
generated in block 814 is applied to an output driver to adjust the drive strength of the 
driver. 

FIG. 9 is a flow diagram illustrating an embodiment of a method 900 for 
generating an error signal. As illustrated in FIG. 9, method 900 begins with block 902 
where a reference signal is generated in response to a first input signal. The reference 
signal emulates signal reflections due to a characteristic impedance of a transmission 
line in a data transfer system. In block 904, a test signal is generated in response to a 
second input signal. The test signal enables signal reflections responsive to second 
input signal transitions and the characteristic impedance of transmission lines within the 
system to dampen before subsequent second input signal transitions occur. After the 
reference and test signals have been generated as described above, the reference and test 
signals are used to generate an error signal as indicated in block 906. 

It should be emphasized that the above-described embodiments are merely 
examples of implementations of the systems and methods for adjusting output drivers. 
Many variations and modifications may be made to the above-described embodiments. 
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All such modifications and variations are intended to be included herein within the 
scope of this disclosure and protected by the following claims. 
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